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Light-induced brighmess reversion is currently a topic of considerable
interest for the pulp and paper industry. The objective of this study was
to describe the effect of using different irradiation sources on the
accelerated photoyellowing properties of untreated and chemically
modified bleached high-yield pulps. The wavelength distribution of the
irradiation source strongly influenced the photochemistry of both
untreated and acetylated pulps. UV/VIS absorption difference spectra
of aspen chemithermomechanical pulp (CTMP), irradiated with broad-
band W-radiation, exhibited an apparent absorption maximum at 370
nm with a shoulder at 415 nm, whereas the aspen CTMP aged with the
UV/VIS-fluorescent lamps exhibited an absorption peak at 360 nm and
substantially less absorption in the entire visible region (X>400 nm).
Two major absorption peaks, at 330-345 nm and at 425 nm, were
observed in the absorption difference spectra of irradiated spruce
CTMP regardless of the irradiation source used. However, in addition
to the photodiscoloration, photobleaching with kmax'"390 nm was
observed when the spruce CTMP was irradiated with the UV/VIS-
fluorescent lamps. Acetylation was found to slow down the UV-light
induced reactions, but could also promote photobleaching reactions
when the pulps were subjected to an irradiation source emitting light in
the visible range. Generally, no further discoloration was observed
when the acetylated CTMPs (acetyl content, 8-10%) were irradiated
with the UV/VIS-fluorescent lamps under the aging conditions used in
this work. This investigation has shown the importance of choosing a
light source that resembles the actual reversion situation as closely as
possible (e.g., contains both an ultraviolet and a visible component) if
realistic accelerated light-induced reversion conditions are to be
obtained.
The use of mechanical and chemimechanical pulps as constituents in higher grades of
printing paper is severely restricted by the rapid color reversion (yellowing) that
occurs upon exposure to daylight or indoor illumination. This phenomenon has been
attributed to a light-induced oxidation of the lignin present in the pulp. Extensive and
comprehensive research, performed during the last decade, has given not only new
information about the photochemical reactions causing yellowing, but also information
on the potential photostabilizing methods, although no single approach so far has
become technically or economically feasible to meet all the needs of the paper
industry. Heitner and Schmidt (1,2)and Leary (3) have summarized current
knowledge in this field in comprehensive literature reviews.
The photochemical changes that occur during irradiation of lignin-rich pulps do
not involve only discoloration reactions. Several researchers have reported a
photobleaching effect when pulps were irradiated at longer wavelengths, i.e., visible
light (4-9). If the color-forming reactions could be 'eliminated or slowed down, the
bleaching reactions would predominate and result in a brightness increase for high-
yield pulps when irradiated in daylight. However, the darkening reactions normally
dominate over the brightening reactions, and the net result is a discoloration of the
lignin-fich material.
Exposure of CTMP (chemithermomechanical pulp) and TMP (thermomechanical
pulp) to ultraviolet radiation with a wavelength of 300-400 nm produced
chromophores with absorption maxima at 350 and 420 nm (10). These chromophores
were considered to be a methoxy-p-benzoquinone and an ortho-quinone with an
aliphatic substituent in the 2-position. Structures of the ortko-quinonoid type have
been detected in different types of high-yield pulps, both before and after irradiation.
Lebo et al. (11) found that about 75% of the increase in color during irradiation of
white spruce refiner mechanical pulp was caused by the formation of ortho-quinones.
Zhu et al. (12) used fluorescence spectroscopy to confirm the presence of
photochemically generated ortko-quinones in several hydrogen-peroxide-bleached
high-yield pulps. Schmidt et al. (13) reported that both methoxylated and
unmethoxylated ortho-quinones were tikely to be introduced in peroxide-bleached
mechanical pulps during irradiation. Monomeric ortho-quinones were suggested to be
the major chromophores formed during light-induced yellowing of lignin-rich pulps
based on W/VIS reflectance spectroscopy of peroxide-bleached GWP (groundwood
pulp), CTMP, and quinonoid lignin model compounds (14). Stilbene ortho-quinones
were reported to be the only colored products formed when monohydroxystilbenes
(deposited on the surface of a filter paper) were exposed to UV-radiation (15).
Furthermore, the chromophores produced by W-radiation were found to be almost
completely removed by sodium borohydride reduction (16-19). This suggests that
most of the colored substances formed contain carbonyl structures (quinones,
conjugated ketones, aldehydes) that can be reduced by NaBH4.
Argyropoulos et al. (20) used solid-state 31p NMR spectroscopy on samples of
irradiated unbleached and hydrogen-peroxide-bleached GWP (oxyphosphorylated) in
order to determine the early photochemical changes that occur during light-induced
yellowing. The data suggested that ortko-quinones initially produced during
irradiation subsequently reacted to form more complex carbonyl chromophofic
structures which do not have a quinonoid character. It was also found that ortho-
quinones were converted faster in the unbleached pulp than in the peroxide-bleached
pulp. The bleached pulp contains more stilbenes that could be converted to stilbene
ortho-quinones during irradiation (15), and it is possible that these structures require
longer irradiation times to be eliminated. The conversion of quinones to more complex
chromophores could explain why no quinones or quinonoid structures were detected in
irradiated milled wood lignin (MWL) (21).
Forsskahl and Janson (6) reported that the two main chromophores (displaying
bands at 370 and 430 nm), generated by irradiation of chemimechanical pulps, were
interrelated. Irradiation at a short wavelength (373 nm) creates a colored chromophore,
while irradiation at the longer wavelength (435 nm) leads to the formation of a
colorless product. These authors suggest that there are several possible candidates for
such a system; a hydroquinone-quinone system, charge transfer complexes, possibly
quinone methides and also cis-trans isomerism of aromatic conjugated double bonds.
The same effect was later found for irradiated unbleached and peroxide-bleached
thermomechanical pulps (22). Schmidt et al. (13) reported that methoxylated ortho- 
qulnones could be bleached by 420 nm irradiation, whereas unmethoxylated ortho- 
quinones sensitized destruction of aromatic groups. Robert and Daneault (23) 
observed two major absorption peaks at 360 and 425 nm when TMP paper (black 
spruce/balsam fir mixture) was exposed to UV light (h, 300-400 nm). The peak at 360 
nm was the result of the disappearance of one chromophore and the appearance of a 
different chromophore. The other peak (at 425 nm) was the result of the formation of 
three chromophores. It is important to bear in mind that structures of the quinonoid 
type are themselves photosensitizers and they can thus contribute to further 
chromophore formation (24-28). 
The present communication describes the effect of irradiation sources with 
different wavelength distributions on the light-induced yellowing of untreated and 
acetylated hydrogen-peroxide-bleached aspen CTMP and spruce CTMP, the pulps 
most often suggested as replacement for chemical pulps in high-quality paper grades. 
The mechanism of stabilization (and yellowing) has been studied using solid-state 
UV/VIS diffuse reflectance spectroscopy performed on high basis weight (200 g/m2) 
handsheets. 
Experimental 
Pulps and Paper Samples. Commercially produced hydrogen-peroxide-bleached 
spruce (Picea abies) CTMP and hydrogen-peroxide-bleached aspen (Popdus 
tremuloides) CTMP were used as received for the studies described in this paper. The 
pulps were obtained as dried samples. The high-brightness hardwood CTMP was 
manufactured employing hydrogen peroxide both as a chemical pretreatment and as a 
bleaching stage. Handsheets 160 or 200 g/m2 (for UV/‘VIS spectroscopy)] were 
prepared according to TAPPI Test Method T 205 om-88. The paper sheets were then 
conditioned at 23OC and 50% R.H. according to TAPPX Test Method T 402 om-88 
before further treatment. 
Acetylation Procedure. The handsheets [cut into strips (30 x 75 mm)] were 
acetylated (at 100 or 1 10°C) according to the procedure previously described (29). The 
ace@ content was calculated from the arnount of acetate liberated after saponification 
with sodium hydroxide (30). The acetyl content is given as a percentage of the dry 
weight of the paper. 
- 
UVMS Diffuse Reflectance Spectroscopy. UV/VIS spectra were recorded on a 
Perkin Elmer Lambda 19 DM spectrophotometer equipped with a diffuse reflectance 
and transmittance accessory (Labsphere RSA-PE-90). The accessory is essentially an 
optical bench which includes double beam transfer optics and a six-inch diameter (154 
mm) integrating sphere. Background correction was made with a SRS-99-010-7890 
standard. The absorbance (ABS) was calculated from the diffuse reflectance (RJ using 
the following expression derived from the Beer-Lambert law (cf. 23): ABS = -log R,. 
The resulting spectra were averaged from four to six measurements. 
Accelerated Light-Induced Yellowing. The paper samples were subjected to 
accelerated photoyellowing in a Rayonet photochemical reactor (Model RPR 100, The 
Southern New England Ultraviolet Company, Branford, CT, USA) equipped with 
eight RPR 35OOA UV-fluorescent lamps (“blacklight,” The Southern New England 
Ultraviolet Company) or eight RPR 575OA UV/VIS-fluorescent lamps (The Southern 
New England Ultraviolet Company) and a merry-go-round apparatus for uniform 
irradiation. Accelerated reversion studies were also conducted with a SUNTEST CPS 
(Heraeus HANAU, Hanau, Ger.) light-aging tester equipped with a xenon lamp 
(nominal rating of xenon burner, 1.1 kW) and filters (ultraviolet and window-glass), 
which eliminate radiation of wavelengths below 310 nm. The irradiance was
controlled by an optical sensor that compensates for possible main voltage fluctuations
and burner aging. The temperatures during irradiation were 29, 27, and 30°C for the
UV-fluorescent lamps, UV/VIS-fiuorescent lamps, and xenon lamp, respectively. The
use of controls in each irradiation experiment and the exchange of W/VIS-fluorescent
lamps between aging series were done to monitor and minimize the effects of aging of
the light sources studied.
Optical Measurements. TAPPI brightness was m'easured using a Technidyne
Brightimeter (Model S-5) according to TAPPI Test Method T 452 om-92. The
reflectance of a single sheet of paper (60 g/m2) over a completely black, nonreflecting
surface (over a hollow black body, reflectance <0.5%) and the reflectance over a stack
of paper (high enough to inhibit any transparence of light) were recorded. The specific
light scattering coefficient (s, at 457 nm) was then calculated using the Kubelka-Munk
theory. Optical properties of the SUNTEST CPS irradiated handsheets were measured
using an Elrepho 2000 spectrophotometer. The post color (PC) number at 457 nm (31)
was calculated for the acetylation treatment (PC _) and for the light-induced reversion
(PC2) (cf. 32). The sum of PC1 and PC2 represents the total effect of the treatment: PC
= PC1 + PC2. The change in specific light-absorption coefficient (Ak, at 457 nm)
during irradiation was calculated from the PC2-value with the assumption of constant
light scattering (33).
Results and Discussion
Light Sources. To assess the importance-of the wavelength distribution of irradiation
sources used for accelerated reversion tests, a series of handsheets made from
untreated and acetylated high-yield pulps were irradiated with three different light
sources and the optical properties monitored. The light sources chosen were UV-
fluorescent lamps, W/VIS-fluorescent lamps, and a xenon lamp, i.e., commonly used
irradiation sources in many light-induced aging equipments. The UV-fluorescent
lamps emit light in a band between 300 and 420 nm (approximate Gaussian spectral
distribution, kmax=350 nm), i.e., the visible component of diffuse sunlight or office
light is practically missing (Figure 1a). The UV-fluorescent lamps give an assessment
of the UV light-aging properties and could be useful when complications from other
wavelengths are not desirable. The W/VIS-fluorescent lamps emit light in the
ultraviolet and visible range (from about 350 to 700 nm, kmax=575 nm) and have a
comparatively close match to the conventional standard "cool white" fluorescent color
used in many commercial lighting installations (Figure 2a). The energy distribution is
enriched at 575 nm, i.e., most of the light is emitted in the visible part of the spectrum.
The spectral distribution of the transmitted light from the xenon lamp and filter
combinations used was similar to that of average indoor daylight (Figure 3a). The
spectral distribution of standard "cool white" fluorescent color (34)and natural
daylight (35) is given, as a comparison, in Figures 2a (broken line) and 3a (dotted
line), respectively.
Change in Optical Properties During Accelerated Photoyellowing. The pulps
chosen for this study were a hydrogen-peroxide-bleached spruce CTMP and a
hYdrogen-peroxide-bleached aspen CTMP. The optical properties, before and after the
acetylation treatment and after the accelerated aging procedure, are shown in Table I.
Unacetylated Pulps. Figures lb, 2b, and 3b show the effects of different light
sources on the photoyellowing properties of untreated pulps. The H202-bleached
spruce CTMP was used as a control to determine the different periods of irradiation
that were needed to obtain an approximately equivalent degree of light-induced
reversion under the test conditions used (cf. Table I). The comparison was made at 4,
40, and 216 hours (9 days) for the UV-fluorescent lamps, xenon lamp, and UV/VIS-
fluorescent lamps aged sheets, respectively. As can be seen in Figures lb and 3b, the
yellowing of the UV-fluorescent lamps and xenon lamp irradiated sheets is
characterized by a rapid initial phase followed by a slower phase. This is the general
behavior of the discoloration process that has been reported by several researchers
(26,30,36,37). When the UV/VIS-fluorescent lamps were used as an irradiation source
the initial rapid phase was less pronounced, resulting in flatter brightness curves,
especially for the high-brighmess aspen CTMP (Figure 2b). The rate of light-induced
chromophore formation was significantly lower for the aspen CTMP than for the
spruce, and the variation obtained in aging results between the different exposure
techniques used was larger. The change in light absorption coefficient (Ak) was
between 2.7 and 6.2, i.e., ca. 40 to 75% lower than that for the spruce CTMP (cf.
Table I). Hardwood pulps have previously been reported to be more resistant toward :
light-induced aging than softwood pulps (32,33,38). The lower rate of yellowing of
hardwoods may be associated, in part, with their lower lignin contents compared to
that of softwoods.
Acetylated Pulps. To establish if chemical modification (e.g., acetylation) of the
pulps altered the aging response toward the tested irradiation sources, a series of test
sheets were acetylated to various degrees. As can be seen in Table I, the acetylation
treatment resulted in a small brightness loss for the hydrogen-peroxide-bleached
spruce CTMP (about 2.5 brightness units). The brightness loss for the hydrogen-
peroxide-pretreated high-brightness aspen CTMP was more severe; an acetylation
time of 10 minutes (110°C) resulted in a brightness loss of about 10 brightness units.
These findings agree well with results from earlier investigations (29, Paulsson, M.;
Ragauskas, A.J. Nord pulp Pap. Res. J., in press).
As can be seen in Figures 1 to 3 (and Table I), acetylation strongly inhibited the
photoyellowing as previously reported (30,39). In Figures 1-3, c illustrates the effect
of light source on the yellowing properties of acetylated, H202-bleached spruce CTMP
sheets. When irradiated with the UV/VIS-fluorescent lamps, photobleaching of the
acetylated sheets took place. As expected, the most severe yellowing (no
photobleaching) was observed when the CTMP sheets were irradiated with the UV-
lamps (emitted almost no light in the visible range). The difference in reverted
brightness between the different light sources was about 11 brightness units for the
low acetylated pulps (acetyl content of 4.6%) and more than 14 units for the high
acetylated pulps (acetyl content, 9.4%, see Table I).
The degree of reversion was in the order UV>xenon>>UV/VIS lamps for the
acetylated aspen CTMP (d in Figures 1-3), i.e., the same order as for the bleached
spruce CTMP. The UV/VIS-fluorescent lamps induced rapid and strong
photobleaching of the acetylated samples. The TAPPI brightness was ca. 82% after 24
hours of irradiation for both acetylation levels, which corresponds to a brightness gain
of 1 to 7 brightness units, depending on the derivatization degree studied. Thus, most
of the colored substances formed on acetylation of hydrogen-peroxide-pretreated
aspen CTMP can easily be converted to colorless structures during irradiation With
visible light.
The photobleaching (decrease in light absorption at _,mx-_360 nm) observed on
irradiation of MWL and high-yield pulps has been attributed to the photooxidation of
coniferaldehyde end groups in lignin to produce vanillin-type end groups (40,41).
Furthermore, the dissimilarities in the absorption difference spectra of peroxide-
bleached softwood TMP and peroxide-bleached softwood CTMP have been explained
in terms of coniferaldehyde photobleaching (18). It is also possible that quinonoid
structures, absorbing in the blue-green region of the spectnml, photochemically
convert to colorless structures (for general comments on light-induced reactions of
quinones, cf. 42,43). This has been demonstrated in the case of methoxy-p-
benzoquinone incorporated in a solid carbohydrate matrix (i.e., 2-
hydroxypropylcellulose); the photoreduction to methoxy-hydroquinone was a rapid 
process, whereas the photooxidation of the hydroquinone was comparatively slow 
(2 7). Ragauskas (44) reported that simple para- and ortho-quinones, impregnated onto 
cellulose sheets, did not generally cause any further darkening during irradiation 
(photolyzed with a xenon lamp). Several of the examined quinones instead exhibited a 
small brightness increase in the irradiated sheets, which could possibly be attributed to 
a photobleaching effect. Furthermore, Schmidt et al. (45) found that methoxylated 
ortho-quinones, introduced into thermomechanical pulp by treatment with Fremy’s 
salt, were bleached by 420 nm irradiation, whereas unmethoxylated ortho-quinones, 
generated by treatment with sodium periodate, were not. 
Several researchers have reported that methylated and, particularly, acetylated 
, lignocellulosic materials, can be photobleached during irradiation (39,46X). The 
photobleaching of acetylated materials has been ascribed to the formation of acetyl 
peroxide or peroxides formed from the carbohydrate acetates during irradiation 
(47,50). When comparing the degree of yellowing of acetylated high-yield pulps aged 
under different light sources, with the degree of yellowing for untreated high-yield 
pulps, it is evident that the photostabilization obtained by the acetylation treatment is 
not only an effect of retarding the color-forming reactions, but is also a result of 
promoting photobleaching reactions. The results from aging experiments with the UV- 
fluorescent lamps give an assessment of the UV-light aging properties, i.e., a 
measurement of the chromophore-retarding effect of acetylation. The photobleaching 
response of acetylated pulps is illustrated for the sheets aged with the UWVIS- 
fluorescent lamps. 
It is difficult to explain the photobleaching eflect obtained for acetylated 
mechanical pulps in terms of coniferaldehyde or ortho-quinone photobleaching since 
the amount of these structural units in peroxide bleached lignin is very small. Several 
investigations have shown that hydrogen peroxide bleaching removes most (but not 
all) of the coniferaldehyde units in the lignin (1852-56). Furthermore, model 
compound studies have shown that acetylation rapidly decomposes most of the ortho- 
quinone units, whereas the para-quinones were essentially unaffected (57). The 
significance of the remaining coniferaldehyde structures, ortho- and para -quinones, 
diguaiacylstilbenes (cf. 58-60; the term guaiacyl refers to a 4-hydroxy-3- 
methoxyphenyl residue), or some other still unknown structure for the photobleaching 
(and brightness stability) needs to be investigated further. 
Although the different light sources tested in this investigation gave a comparable 
degree of reversion for most of the untreated pulps, the effects of different irradiation 
techniques, i.e., spectral distribution of the light source used, considerably altered the 
photostabilizing effect obtained by acetylation. The same effect has also been shown 
for UV-screen treated pulps (Paulsson, M.; Ragauskas, A.J. Nord. Pulp Pap. Rex J., in 
press). The discrepancy in effectiveness of an inhibiting treatment reported in the 
literature can, in many cases, be explained in terms of the different exposure 
techniques used by the researcher/laboratory. 
Solid-State UWVXS Diffuse Absorption Difference Spectroscopy. The 
interpretation of a UV/VIS absorption spectra at short wavelengths (e.g., below 340 
nm) is difficult since the signal-to-noise ratio is low in this region. This is because the 
paper sample absorbs most of the light due to its thickness and high lignin 
concentration (23). A complement to this study, in the low wavelength range, could be 
performed using low basis weight sheets, i.e., 10 g/m2 (cf. 61). Care should also be 
taken when evaluating the results after high UV exposures since the assumption of 
exponential distribution of chromophores in the thickness of the sheet may no longer 
be valid (23). Nevertheless, solid-state UWVIS diffuse reflectance spectroscopy, 
performed on thick handsheets and with the consideration of the above limitations,, is a 
powerful technique for the study of light-induced yellowing of lignin-containing 
materials. The result that is obtained with this method is what the eye will perceive as
"yellowingofathickpaper."
Irradiated Unacetylated Pulps. Figure 4 shows the UV/VIS absorption
difference spectra (AABS vs. wavelength) of hydrogen-peroxide-bleached aspen
CTMP recorded after aging with various light sources. It is evident that the choice of
irradiation source strongly influenced the photochemistry. Although both light sources
generated a discoloration in the entire visible region ()_>400 nm), the shape of the
absorption curves was different. Irradiation with the W-fluorescent lamps generated
an apparent absorption maximum at 370 nm with a shoulder at approximately 415 nm
(Figure 4a), whereas the UV/VIS-fluorescent lamps generated an absorption maximum
at 360 nm and showed substantially less absorption in the _.>400 nm range (Figure
4b). The spruce CTMP behaved somewhat differently as can be seen in Figure 5.
Irradiation with W-fluorescent lamps generated an apparent maximum at 330 nm and
a distinct maximum at 425 nm. The W/VIS-fluorescent lamps introduced two
maxima; one at 330 nm that was shifted toward longer wavelengths (345 nm) after
extensive reversion, and one at 425 nm. In addition to the photodiscoloration,
photobleaching with Xmax'_390nm was observed for the last light source.
Several research groups have used UV/VIS diffuse reflectance spectroscopy to
study the yellowing phenomena. Schmidt and Heimer (18) reported that hydrogen-
peroxide-bleached aspen CTMP showed a single maximum at about 360 nm when
exposed to broad-band W-radiation, but no shoulder at _415 nm was detected. The
high-brightness aspen CTMP used in the present investigation was pretreated with
hydrogen peroxide, and it is possible that this treatment changes the chromophoric
precursors in such a way that new colored substances, absorbing in the 415 nm region,
were formed when subjected to UV-exposure. Generally, UV/VIS diffuse reflectance
spectroscopy of hydr_gen-peroxide-bleached softwood pulps (GWP, TMP, and
CTMP), performed on both thin and thick sheets, shows an increased absorption in the
UV region at 320-360 mm and in the visible region at 410-435 nm when exposed to
UV-radiation (10,14,18,23,36,61-67). The increase in absorption in the UV region has
been attributed to the formation of aromatic carbonyl groups (3,max'"330 nm) and to the
formation of quinones [possibly methoxylated para- or ortho-quinones (monohydrate
adduct see 18, cf. 68), )_mx_-350-370 nm]. It is also possible that cordferaldehyde with
an absorption maximum at---350 nm, generated through photooxidation of coniferyl
alcohol, contributes to the UV-absorption peak. The increase in absorption in the
visible region is attributed to the formation of chromophores of the ortho-quinonoid
type, at least in an initial phase.
The present investigation showed that regardless of the wavelength distribution of
the irradiation source, absorption peaks appeared in the above-mentioned UV and
visible regions during aging of hydrogen-peroxide-bleached spruce CTMP. The
relationship between the peak areas and the position of the maxima was, however,
dependent on the light source used. The decrease in absorption at 360 nm observed
during irradiation of unbleached lignin-containing materials has been attributed to the
destruction of coniferaldehyde end groups or to the conversion of quinones to
colorless structures as discussed above. The reduction in chromophore content at
kmax_-390 nm cannot entirely be explained by the elimination of these structures since
sulfonation and hydrogen peroxide bleaching eliminate most of the structures of the
Coniferaldehyde and quinonoid type (cf. 69). Hydroxystilbenes, introduced in the
lignin moiety during high-yield pulping and alkaline bleaching conditions (59, 70, 71),
have been proposed as the leucochromophores that, to a large extent, are responsible
for the initial discoloration of bleached high-yield pulps (60, cf. 58). Simple stilbenes
have an absorption maximum at about 330 nm in solution, but it is possible that this
maximum can be shifted to higher wavelengths when incorporated in the lignin
macromolecule due to steric and electronic effects of substiment groups. Zhang and
Gellerstedt (14) reported a red shift of the UV/VIS absorption maxima of quinone and
stilbene model compounds in the solid state (on filter paper or on bleached GWP or
CTMP) compared with the absorption in solution. The red shift was 26 nm for a
hydroxystilbene model and between 32 and 148 nm for compounds of the quinonoid
type, an effect charge transfer complexes (quinone-phenol) might account for (14, cf.
72,73).
Acetylated Pulps. It is known that acetylation influences brightness differently
depending on the type of mechanical pulp derivatized (30,48, Paulsson, M.;
Ragauskas, A.J. Nord. Pulp Pap. Res. d., in press). Figure 6 shows the UV/VIS
absorption spectra (acetylated- unacetylated) for the two tested pulps. During
acetylation of aspen CTMP, a substantial increase in absorption is seen in the entire
wavelength range 350-700 nm with maxima at approximately 370 and 430 nm.
Acetylation of the spruce CTMP not only induced a discoloration, indicated by the
absorption increase at ),>410 nm, but also a bleaching at wavelengths below 410 nm
(maximum at approximately 385 nm). The decrease at 385 nm could possibly be
explained by the removal of a hydroxystilbene structure (cf. the discussion above
dealing with a red shift of the absorption maxima of stilbenes in the solid state). The
peaks at 370 and 430 nm could result from the characteristic UV absorption of
methoxylated para-quinones and visible absorption of ortho-quinones, respectively.
The absorption peak at 455 nm is close to the absorption peak of a stilbene ortho-
quinone structure incorporated on bleached CTMP ()_mx=460 m) (14).
Irradiated Acetylated Pulps. Figures 4 and 5 show the effects of different
irradiation times and irradiation sources on the UV/VIS absorption difference spectra
of acetylated aspen CTMP and acetylate, d spruce CTMP.
It was interesting to see if acetylation, an efficient way to retard yellowing of
different types of high-yield pulps, fundamentally changed the photochemistry or only
slowed down the rate of chromophore formation, as judged from the W/VIS
absorption spectra. The acetylated aspen CTMP, irradiated with the UV-fluorescent
lamps, generated an apparent absorption maximum in the same region as the
unacetylated CTMP (_, 370 nm, Figure 4a). No shoulder at 415 nm was, however,
observed, and the increase in absorption was less in the whole UV-visible region. The
UV/VIS-fluorescent light source induced a photobleaching in the visible range. The
absorption in the UV-part of the spectra was also less and shifted about 20 nm toward
shorter wavelengths (Figure 4b). The brightness values were 79-80% for the acetylated
sheets compared to 60% for the control after an intense aging for 312 hours. The
reduced absorption at kmax just below 400 nm (extending into the visible range)
indicates that some of the colored structures formed on acetylation of high-brightness
aspen CTMP most likely are readily photobleachable when subjected to a light source
emitting light in the visible range. Also, the acetylated spruce CTMP, irradiated with
the UV/VIS-fluorescent lamps, removed structures contributing to the absorption just
below 400 nm. The apparent absorption maximum at 425 nm observed for irradiated
unacetylated spruce CTMP was essentially nonexistent after acetylation, except for the
low derivatized CTMP (acetyl content, 4.4%, see Figure 5b).
These results indicate that acetylation slows down the UV-light induced reactions
as seen for the UV-lamps aged CTMPs. However, acetylation promotes
photobleaching reactions when subjected to an irradiation source emitting light in both
the ultraviolet and visible regions, an effect that contributes to the improved stability
toward light-induced aging. It is evident that measurements of brightness do not give a
complete and accurate description of a complicated photochemical process such as the
discoloration of lignin-containing materials. These results also indicate that different
photochemical reactions occur, depending on the light source used for reversion, for
acetylated pulps as well as for untreated pulps. It is therefore extremely important to
use a light source that mimics the actual aging conditions as closely as possible if an
accurate picture of the yellowing phenomenon is going to be obtained. Further studies,
using both unacetylated and acetylated model compounds incorporated on different
types of high-yield pulps, are needed to fully explain the changes in the absorption
difference spectra ofacetylated and/or irradiated high-yield pulps.
Conclusions
Acetylation of aspen CTMP was found to generate a substantial increase in absorption
in the entire wavelength region of 350-700 nm withmaxima at approximately 370 and
430 nm, whereas the changes that took place during .acetylation of the spruce CTMP
were manifested as a decrease in absorption at wavelengths below 410 nm (maximum
at 385 nm) and an increase in the absorption band centered at 455 nm.
UV-irradiation of aspen CTMP introduced chromophores with an absorption
·maximum near 370 nm and with a shoulder at approximately 415 nm. When aspen
CTMP was irradiated with the UV/VIS lamps, a slight shift in the absorption peak to
shorter wavelengths (kmax_-360 nm) together with less absorption in the visible range
was observed. The absorption difference spectra of W-irradiated spruce CTMP
displayed two absorption bands at 330 and 425 nm. In addition to these two bands,
UV/VIS-irradiation induced photobleaching in the UV-part of the spectra extending
into the visible range ()_m_"'390 nm). Acetylation of the pulps slowed down the UV-
light induced chromophore formation, but could also promote photobleaching if the
acetylated pulps were subjected to both W-radiation and visible light.
It is difficult to assign the changes seen in the UV/VIS spectra to the
formation/destruction of chromophoric and leucochromophoric structures in the lignin
since (i) most absorption data are given for simple model compounds in solution, and
it is likely that the position of the absorption peeks may be different in the solid phase,
and (ii) the position of absorption maxima of the chromophoric and
leucochromophoric structures may be shifted when incorporated in the lignin
macromolecule. Further studies are therefore needed to determine the absorption
characteristics of several classes of important structures when incorporated in different
types of high-yield pulps.
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Figure Captions 
Figure 1. The change in TAPPI brightness of untreated and acetylated spruce 
CTMP (0) and aspen CTMP (Cl) after aging with the W-fluorescent lamps. The 
spectral energy distribution of the UV-fluorescent lamps is given in a. Legends 
(ace@ content): (*=**O=*=*), 4.6%; (---0---), 9.4%; (-Xl~-~~), 4.1%; (---El---), 9.7%. 
Figure 2. The change in TAPPI brightness of untreated and acetylated spruce 
CTMP (0) and aspen CTMP (Cl) after aging with the WNIS-fluorescent lamps. 
The spectral energy distribution of the W/VIS-fluorescent lamps (solid line) and 
standard “cool white” fluorescent color (broken line) is given in a. Legends 
.(acetyl content): (-*=eO***=), 4.6%; (---0---), 9.4%; (+X), 4.1%; (---IS--), 9.7%. 
Figure 3. The change in brightxxss of untreated and acetylated spruce CTMP (0) 
and aspen CTMP (U) after aging with the xenon lamp. The spectral energy 
distribution of the xenon lamp (solid line) and natural daylight (dotted line) is 
given in a. Legends (ace@ content): (--==O*--), 4.6%; (---0---), 9.4%; (~Xl--m-), 
4.1%; (---El---), 9.7%. 
Figure 4. Absorption difference spectra (hABS’ABSirradiated-~‘ABSunirradiated) of 
acetylated and untreated hydrogen-peroxide-bleached aspen CTMlp after aging 
with W-lamps (a) and UVMS-lamps (b). Legends: (-), control; (*-a*), 
acetylated - 3.9%; (- -), acetylated - 8.1%. 
Figure 5. Absorption difference spectra (~~~=~BSi*~~iated-~BSunirradiated) of 
acetylated and untreated hydrogen-peroxide-bleached spruce CTMP after aging 
with W-lamps (a) and UV/VIS-lamps (b). Legends: (-), control; (-=-*), 
acetylated - 4.4%; (- -); acetylated - 9.6%. 
Figure 6. Absorption difference spectra (~Ss=Ass,,,l,d-ABs,~~~~~~~) of 
aspen and spruce CTMPs after acetylation. The numbers in brackets denote the 
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